Most energy-transducing membranes contain a bc-type complex such as the cytochrome bc 1 complex or the cytochrome b 6 f complex. Members of this family couple electron transfer and proton translocation across the membrane. They also share some structural homologies, having three redox-active subunits in common: the Rieske iron-sulfur protein, a b-type cytochrome (cytochrome b or b 6 ), and a c-type cytochrome (cytochrome c 1 or f). Moreover, there is sequence homology between cytochrome b 6 , subunit IV, and the Rieske protein of the b 6 f complex, and the N-and C-terminal parts of cytochrome b, and the Rieske protein of the bc 1 complex, respectively. Cytochrome c 1 and cytochrome f, on the other hand, do not share any sequence homology. Spectroscopic and EPR properties of the hemes and of the iron-sulfur cluster are similar, although not identical, and some inhibitors affect both complexes equally (reviewed in Refs. 4 -7).
Most energy-transducing membranes contain a bc-type complex such as the cytochrome bc 1 complex or the cytochrome b 6 f complex. Members of this family couple electron transfer and proton translocation across the membrane. They also share some structural homologies, having three redox-active subunits in common: the Rieske iron-sulfur protein, a b-type cytochrome (cytochrome b or b 6 ), and a c-type cytochrome (cytochrome c 1 or f). Moreover, there is sequence homology between cytochrome b 6 , subunit IV, and the Rieske protein of the b 6 f complex, and the N-and C-terminal parts of cytochrome b, and the Rieske protein of the bc 1 complex, respectively. Cytochrome c 1 and cytochrome f, on the other hand, do not share any sequence homology. Spectroscopic and EPR properties of the hemes and of the iron-sulfur cluster are similar, although not identical, and some inhibitors affect both complexes equally (reviewed in Refs. 4 -7) .
The b 6 f complex is found in the thylakoid membrane of higher plants and algae and in the membrane of some cyanobacteria (for reviews, see Refs. 8 -12) . Besides the four high molecular weight subunits mentioned above, the b 6 f complex comprises four smaller subunits, PetG, PetL, PetM, and PetN (13) (14) (15) (16) (17) , that have no direct counterpart in the bc 1 complex. The cytochrome b 6 f is the middle component of the photosynthetic chain, coupling the electron transfer from photosystem II (via plastoquinol) to photosystem I (via plastocyanin or a c-type cytochrome).
The most widely accepted mechanism for the bc-type complexes is the so-called "Q-cycle" mechanism proposed by Mitchell (18) and modified by Crofts et al. (19) . According to this model, two electron paths are distinguished within the complex as follows: a high potential chain, composed of the iron-sulfur cluster of the Rieske protein and the heme of the c-type heme, and a low potential chain, composed of the two hemes of the b-type cytochrome, the low potential b L and high potential b H hemes. Two quinol/quinone-binding sites, located on opposite sides of the membrane, are also predicted: the Q o site, on the intermembrane space/lumenal side of the membrane, and the Q i site, on the matrix/stromal side of the membrane. A turnover of the Q o site comprises the oxidation of a two-electron carrier quinol, one electron reducing the Rieske protein, which in turn reduces the c-type cytochrome and which ultimately reduces plastocyanin or cytochrome c, and the other electron reducing b L , which in turn is oxidized by b H . These events are associated with the release of two protons in the intermembrane space/ lumen. A second turnover reduces another plastocyanine molecule and places both hemes of the b-type cytochrome in a reduced state. The reduction of a quinone at the Q i site results in the oxidation of the two b hemes and an uptake of two protons from the matrix/stroma. Thus, these complexes contribute to generating the proton gradient that drives ATP synthesis in respiration and photosynthesis.
Recently, the structure of several bc 1 complexes from mitochondria have been determined by x-ray crystallography (1-3), supporting the Q-cycle model. Depending on the inhibitor binding at the Q o site, different conformations of the extramembrane domain of the Rieske protein are observed: in the presence of stigmatellin, the iron-sulfur cluster is within electron transfer distances of the Q o site (the "proximal" position), whereas in the presence of myxothiazol or methoxyacrylate stilbene, it is closer to the heme of cytochrome c 1 (the "distal" position); in the native structure (i.e. in the absence of inhibitor) it is found either in an intermediate position (1, 2, 20) or in a distal position (3) . It is deduced from these data that the extramembrane domain of the Rieske protein undergoes a large scale movement to shuttle the electron from the quinol to the cytochrome c 1 . This hypothesis has been confirmed by fluorescence quenching as a function of the redox potential between two fluorescent probes attached to the Rieske protein and cytochrome b of the bc 1 complex of Rhodobacter sphaeroides (21) . EPR studies on the b 6 f complex of spinach suggest different conformations for the extramembrane domain of the Rieske protein as well (68) .
Although bc 1 and b 6 f complexes are similar with regard to function and structure, the differences that occur do not allow direct transposition of structural information from the bc 1 to the b 6 f (see e.g. Refs. 22, 24, and 25 for recent work on structural, spectroscopic, and functional differences 1 and Refs. 4 -7 for reviews). In contrast to the bc 1 complex, no good threedimensional crystals of the b 6 f complex could be grown to date to allow the calculation of a detailed structure of the complex. Atomic models of the soluble domains of the Rieske protein from spinach (26) and of cytochrome f from turnip and Phormidium laminosum (27) (28) (29) are available, but the only crystallographic information available from the whole complex are projection maps in negative stain (30) and of frozen hydrated samples at ϳ9 Å resolution (31) of the b 6 f complex of Chlamydomonas reinhardtii. These maps are derived from electron crystallography of assimilated two-dimensional crystals. This technique allows us to calculate density maps, i.e. to visualize the protein either in projection or in three dimensions (see Refs. 32 and 33 for recent reviews and Ref. 34 for more details on the technique). Depending on the quality of the crystals, low (ϳ15 Å) to high (4 -3 Å) resolution data can be obtain. Low to medium resolution maps will outline domains of the protein, whereas atomic models can be built into higher resolution data (35) (36) (37) .
In this work, we have looked for inhibitor-induced conformational changes on the b 6 f complex using electron crystallography. We show that the binding of stigmatellin to the b 6 f complex either prior to crystallization or on the preformed crystals induces changes in the projected structure of the complex. A conformational change following stigmatellin binding is seen both in negatively stained samples, where the information comes mainly from the extramembrane part of the protein, and in samples embedded in glucose, where the whole molecule contributes to the signal. We conclude that a similar movement of the Rieske protein occurs in the b 6 f complex as in the bc 1 complex to shuttle the electron from the plastoquinol to the cytochrome f. However, our data also suggest that this movement is accompanied by conformational changes of the transmembrane region that would be specific to the b 6 f complex.
MATERIALS AND METHODS
Purification and Crystallization-The cytochrome b 6 f complex from C. reinhardtii was purified as described in Ref. 13 . Briefly, specific solubilization of the thylakoid membranes by 6-O-(N-heptylcarbamoyl)-methyl-␣-d-glycopyranoside (Hecameg) 2 is followed by sucrose gradient and hydroxylapatite chromatography. The two last steps of purification must be performed in the presence of lipids (egg L-␣-phosphatidylcholine (PC)) and at the critical micellar concentration of the detergent to prevent dissociation of the complex (38) .
The crystallization of the complex was performed as described in Refs. 30 and 31, except that no calcium was added to the crystallization medium. Briefly, PC and di-C 18:1 -phosphatidylglycerol (DOPG) solubilized in Hecameg were added (PC/DOPG ϭ 1) to the purified protein (10 M) at a protein/lipid ratio of 0.3 to 1.2 (w/w). The mixture was allowed to equilibrate overnight, and the detergent was removed by the addition of 25 g/100 ml of SM2-Bio-Beads for 6 h at 4°C. After overnight sedimentation of the reconstituted material, samples were frozen (Ϫ196°C) and thawed (4°C) three times, and crystals were harvested 1-5 days later. C 13 -stigmatellin, kindly synthesized by P. Hervé and P. Fellmann (CNRS UPR 9052, IBPC, Paris, from Ref. 39) , solubilized in 96% ethanol, was added (100 M) either before or after crystallization. When added to preformed crystals, the incubation time ranged from 2 min to several days at 4°C. It was checked that the presence of 2% ethanol in the crystallization medium did not alter nor modify crystallization.
Electron Microscopy and Image Processing-For negative stain studies, 2.5 l of the crystal suspension were allowed to sit for 2 min on a 400-mesh carbon-coated copper grid. Excess of solution was blotted off, and the grid was washed 10 s with 2.5 l of water to remove the ammonium phosphate present in the crystallization buffer, before being stained with two successive washes of 1% uranyl acetate (30 s each). Negative staining is mainly used to increase the contrast of the sample and to allow fast screening of crystallization conditions. The protein is embedded in a thin layer of a heavy metal salt outlining the protein, like a replica or a cast. As the stain is much denser than the protein, an image of a negatively stained crystal will be dominated by the information coming from the stain; the protein will be seen in negative. The resolution attained by such images is limited by the stain, and maps of negatively stained crystals are usually not calculated beyond ϳ15 Å. At such a resolution, only the low resolution features as large domains of the protein are resolved. In the case of membrane proteins with large extramembrane domains, this method can give interesting data; as the stain does not usually penetrate the interior of the membrane (the heavy atoms are hydrophilic), only the extrinsic domains of the protein will be outlined. The projection map will thus be dominated by the extramembrane part of the protein.
For electron cryo-microscopy, grids were prepared using the back injection method, i.e. 2.5 l of sample were injected into a 2-6% glucose solution on a carbon-coated copper grid, blotted for 15 s face on the filter paper, and frozen in liquid nitrogen where samples were stored until examined. This method, rather than plunging the sample in liquid ethane as described previously (31), improved the yield of diffracting crystals.
In this case, it is now the whole protein that contributes to the information contained in the image, so that in a projection map, extramembrane features as well as transmembrane elements will overlap. Because of the presence of the glucose though, the low resolution contribution of the extramembrane part of the protein will be lessened due to contrast matching between the glucose and the protein (40, 41) . Moreover, in the case of an ␣-helical membrane protein, helices perpendicular to the membrane will be projected as strong density peaks at 10 -7 Å resolution, whereas tilted helices, loops, or ␤-sheets will contribute less strongly to the projection map. These projection maps will thus be dominated by the information coming from the transmembrane helices.
Electron micrographs of stained or unstained crystals were recorded on a CM12 or a CM120 electron microscope at 120-kV acceleration and at magnifications of ϫ 45,000 -60,000 x. A GATAN cold stage was used for unstained specimens. Images were taken with a 1-s exposure time using the low dose facility of the microscopes, at a total electron dose of ϳ10 e⅐Å Ϫ2 in flood beam mode. Other cryo-grids were mounted in a Leica KF80 apparatus for transfer into a JEOL 3000 SFF electron microscope operated at 300 kV, equipped with a top entry cryo-stage cooled to 4 K with liquid helium. Images were then taken using a spot-scan procedure with a total electron dose of 20 -30 e⅐Å
Ϫ2
, at magnifications of ϫ 53,000 -70,000, on a 0°tilt holder. In all cases Kodak SO-163 films were used to record images and were developed for 12 min with full-strength Kodak D19. 2 (JEOL) ϩ 5 (CM120) images were used to calculate the native cryo-map and 4 (JEOL) ϩ 2 (CM120) were used to calculate the stigmatellin cryo-map. It was checked by comparing individual images that the differences observed did not come from the unequal number of images taken with each microscope.
Optical diffraction was used to screen the micrographs, and areas giving rise to symmetrical distribution of sharp spots were digitized using a Zeiss SCAI scanner with a 7-m step size over an area of 6,000 ϫ 6,000 pixels. Images were then corrected for distortion of the crystal lattice and effects of the contrast transfer function (CTF) using the MRC image-processing programs (42) . Amplitude correction for the CTF was not made, as the low resolution amplitudes are particularly strong with these crystals, probably due to their three-dimensional nature. Projection maps were calculated from merged data, imposing the p22 1 2 1 symmetry revealed by the program ALLSPACE (43) and already determined in previous work (30, 31) , using the standard crystallographic computer programs in the CCP4 package (44) . Projection maps were scaled to a maximum density of 250 and contoured in steps of 0.25 ϫ root mean square density. A negative temperature factor of Ϫ600 was applied in Fig. 3 to compensate partially for the resolutiondependent degradation of image-derived amplitudes. This value is within the range of values usually used at this resolution (45, 46) . Difference maps were calculated from the vectorial difference between structure factors for the native crystals and the crystals with stigmatellin, after scaling the two merged data sets to the same total intensity. The background level was estimated by calculating a difference map between two sets of images resulting from halving the data set of the images of native crystals, and 2 ϫ root mean square density value from this difference was used to contour the difference maps.
RESULTS

Overall Structure Changes Analysis of Negatively
Stained Crystals Fig. 1 shows the projection maps in negative stain truncated at 15 Å resolution obtained from images of native crystals (Fig.  1A) and of crystals grown in the presence of stigmatellin (Fig.  1B) . In both cases, the b 6 f is present as a dimer, the unit cell dimensions are similar, and the crystallographic statistics show that both maps are of comparable quality, allowing further comparisons to be made (Table I) .
Within a monomer, two densities (labeled I and II in Fig. 1 ) are resolved. Whereas density I does not show a major change in its position, density II appears to be shifted away from the 2-fold dimer axis and is more compact and round when stigmatellin is bound to the complex.
The change in position is confirmed by the difference map (native Ϫ stigmatellin) shown in Fig. 1C , where positive signal represents a density present in the native map but absent in the stigmatellin map. The most prominent signals (labeled a and b in Fig. 1C ) reflect the shift of density II away from the dimer axis induced by the binding of stigmatellin. The same behavior was observed when using phosphotungstic acid and ammonium molybdate as negative stains (data not shown), as well as when the stigmatellin was added on the preformed native crystals (data not shown).
Thus, upon binding of stigmatellin, one of the densities of the b 6 f complex projection map in negative stain undergoes a major change in its position.
It should be mentioned that in the crystals grown in the presence of stigmatellin, two type of images could be distinguished as follows: a set of images that merged, resulting in the projection map shown in Fig. 1B , and another set of images, with the same lattice parameters, that after merging resulted in an identical map except for an additional large density between the dimers along the b direction. These images have not been taken into account in this analysis, for it was not visible in maps calculated from crystals stained with phosphotungstic acid or ammonium molybdate.
More Details Analysis of Crystals Embedded in Glucose
To visualize further and to confirm the conformational change seen in the negative stain study, analysis of the crystals grown with or without stigmatellin was done on unstained crystals. Fig. 2A shows a computed Fourier transform of an image of a crystal grown in the presence of stigmatellin, embedded in glucose, and observed in a JEOL 3000 SFF microscope at liquid helium temperature. The transform shows significant reflections up to 9 Å resolution. The phase errors associated with each of the Fourier components after merging six images, plotted in Fig. 2B , show that the data are complete and isotropic to 9 Å resolution. The overall phase residual to 9.0 Å resolution was 18.8° (Table II) . Fig. 3B shows the projection map at 9 Å resolution of b 6 f crystals grown in the presence of stigmatellin. As previously published (31), the complex crystallizes as a dimer, and within the molecular boundaries, sharp and round densities surrounded by more elongated densities are resolved. These densities have diameters and spacings that could be compatible with the presence of transmembrane ␣-helices, but one should keep in mind that the b 6 f complex has two large extramembrane domains (of cytochrome f and of the Rieske protein) that will also contribute to the map (for examples of comparison between projection and threedimensional maps of proteins that have extramembrane domains, see Refs. 47 and 48 for cytochrome c oxidase and Refs. 49 and 50 for the H ϩ -ATPase). Comparison Native/Stigmatellin Map-A projection map of the native complex was calculated (Fig. 3A) . Even though the crystals were embedded in glucose and image-derived amplitudes were used to calculate the map rather than diffraction amplitudes, it compares well with the map previously published (31) , and the differences observed (e.g. at the dimer interface) can be explained in part by the lack of resolution of the map of Bron et al. (31) in the a dimension. In the present map, calculated from seven images to 10 Å, the phase residual and completeness are not as good as with stigmatellin (Table II and data not shown). This quality difference comes from including one very good image in the stigmatellin data set (the other images being of comparable quality in both cases) and not from an overall better order that one could expect by inhibitor binding. The removal of the good image does not modify the comparison.
Calculation of a Projection Map of the b 6 f Complex in the Presence of Stigmatellin-
The comparison of the two maps (Fig. 4, A and B) was thus done at 10 Å and without applying a temperature factor. The two maps show significant differences (i) at the dimer interface; (ii) at the interdimer contacts in the b direction; (iii) in the region corresponding to density II in negative stain, where an additional density can be observed in the stigmatellin map; and onformational Changes in the b 6 f Complex(iv) the native monomer has a C shape, whereas it has an O shape with stigmatellin. These differences are here again confirmed by densities a-d that are observed in the difference map (stigmatellin Ϫ native, Fig. 4C ). Positive signal represents densities present in the stigmatellin map and absent in the native map.
Presence of Another Unit Cell-Occasionally, crystals of the native b 6 f complex that showed a larger unit cell were observed. These crystals have a unit cell of a ϭ 183 Å, b ϭ 99 Å, and ␥ ϭ 90°showing p22 1 2 1 symmetry. They are well ordered in the a dimension to a resolution of 10 -8 Å when embedded in glucose, as the other crystal form, but much less in the b dimension (ϳ50 Å). This is not unexpected for a larger unit cell (see e.g. Ref. 51) . Indeed, in these crystals the packing of the protein is much looser than in the smaller unit cell, probably due to the presence of more lipids in the crystal and consequently less protein-protein contacts; the dimer molecule is rotated by approximately 45°with respect to the dimer in the smaller lattice, resulting in a larger distance between dimers in the b direction. No correlation between the presence of crystals with the larger unit cell and the protein preparation or the crystallization conditions could be established, and crystals with both unit cells were found in the same sample.
Whereas no detailed structural information could be derived from these crystals, they were useful in confirming the dimer boundaries.
DISCUSSION
Electron crystallography has been developed for quite a long time now and has proven to be a powerful technique to answer specific questions (see e.g. Ref. 52 ) as well as to solve protein structure, especially membrane proteins whose structures were long thought to be inaccessible by x-ray crystallography (for reviews see Refs. 32-34). Whereas atomic structures are still very challenging to obtain by electron crystallography, this technique has some strong points: two-dimensional crystals can be obtained more easily than three-dimensional crystals, and images rather than diffraction patterns are recorded. Thus, both the phases and the amplitudes of the structure factors can be calculated. This makes it comparatively easy to calculate maps at intermediate resolutions. At intermediate resolution, the maps outline domains of the protein rather than individual atoms: depending on the resolution, larger domains, as whole subunits (ϳ20 -15 Å resolution) or secondary structure features (ϳ10 -6 Å resolution), will be resolved (see e.g. Refs. 46, 50, [53] [54] [55] [56] [57] [58] . As this technique allows us to visualize the protein, it is particularly appropriate to monitor conformational changes; different conformations of a protein will have different structure factors, and thus the density map will reflect the conformational changes. An objective way of viewing the conformational changes is to calculate difference maps by subtracting the structure factors (e.g. Refs. 59 -61).
Movement of the Rieske Protein
Analysis of Negatively Stained Crystals-Negatively stained maps are considered to give information mainly about the extramembrane domains of a membrane protein to a resolution of ϳ15 Å. Indeed, the contrast-producing heavy atoms are highly hydrophilic and do not usually penetrate the hydrophobic interior of the membrane; they thus outline mainly extrinsic domains. Therefore, the two densities (I and II in Fig. 1 ) observed in the projection maps of the b 6 f are likely to correspond to the extramembrane domains of cytochrome f (ϳ28 kDa) and of the Rieske protein (ϳ19 kDa), the only two large extramembrane domains of the b 6 f complex. In the work of Mosser et al. (30) , these two densities were tentatively assigned, on the basis of their relative mass, the density being further away from the dimer axis (density I in Fig. 1) proposed to being cytochrome f and the smaller density close to the dimer interface (density II), the Rieske protein.
The crystal structures of the bc 1 complex, the respiratory homologue of the b 6 f, show that the Rieske protein occurs in   FIG. 3. Projection map of the b 6 f  complex in cryo without (A) or with  (B) stigmatellin at 10 and 9 Å resolution, respectively. The maps were calculated from merged amplitudes and phases from 7 and 6 independent lattices, respectively, with p22 1 2 1 symmetry imposed. Four unit cells are shown, and 1 unit cell (containing 4 symmetry-related monomers) with the symmetry elements is outlined. Solid lines indicate densities above the mean. An isotropic temperature factor of Ϫ600 was applied in both cases to compensate partially for the resolutiondependent degradation of image-derived amplitudes (45, 46) . Bar, 10 Å. several different positions depending upon inhibitor binding. These data suggest that this protein undergoes a substantial movement during the catalytic cycle of the complex to shuttle electrons from the quinol, located in the membrane, to the heme of cytochrome c 1 . Whereas in the native structures, the Rieske protein can take different positions depending on the crystal form, in the presence of stigmatellin it is shifted to the proximal conformation, where one of the iron-sulfur ligands of the Rieske protein is in H-bond distance of the occupant of the Q o site (1-3) .
It is clear in Fig. 1 that upon binding of stigmatellin, density II has changed position. We can therefore conclude that density II of Fig. 1 is indeed the Rieske protein and that the mechanism of the b 6 f complex is very likely to involve a movement of the Rieske protein similar to that observed in the bc 1 complex. The movement of the Rieske protein from the bc 1 complex seen in projection and at a comparable resolution is similar to the one observed in the b 6 f complex; its density becomes more compact and round (not shown). However, the movement in projection appears more pronounced in the b 6 f than in the bc 1 complex.
Analysis of Crystals Embedded in Glucose-In maps calculated from unstained crystals, the whole protein is contributing to the signal. As a result, these maps look very different from the ones calculated from negatively stained specimens, in which only extramembrane domains are outlined.
At the position of the Rieske protein, as defined in negative stain, no density can be observed in the native cryo-map (Fig.  4A , see also Ref. 31) , whereas with stigmatellin, there is now signal in this area (Fig. 4B , and as revealed by the presence of density a in Fig. 4C ). This suggests that the extramembrane part of the Rieske protein is disordered in the native b 6 f crystals, as in the case of some native bc 1 complex crystals (20) . In the presence of stigmatellin, it is locked in a defined position and thus contributes to the signal as an ordered component of the crystal. Such a disorder in the native crystals would still lead to a signal in negative stain (probably broadened), as the stain outlines an envelope of the protein. It should be noted that as the crystals are embedded in glucose, the signal from the extramembrane part of the protein could partially be extinguished, due to contrast matching at low resolution (40, 41) .
This result confirms the negative stain conclusion: the Rieske protein of the b 6 f complex undergoes a major conformational change when stigmatellin is bound to the complex.
It is interesting to note that upon addition of stigmatellin to the already formed native crystals, the change of conformation of the Rieske protein still occurs (within minutes at 4°C) without disrupting the crystalline array nor significantly changing the lattice parameters. Assuming that the stigmatellin diffuses into the whole crystal, this implies that the extramembrane domain of the Rieske protein is not involved in the crystal contacts in the third dimension (stacking of the sheets). This would reinforce the idea that the Rieske protein is not ordered in the native crystals.
Evidence for Movements in the Transmembrane Region
Other differences between the two maps calculated from unstained crystals are at the position of cytochrome f, as defined in negative stain, at the dimer interface, and at the inter-dimer contacts in the b dimension (as seen by signals b, c, and d in Fig. 4C ).
The differences observed cannot be explained by a rearrangement of the dimers or of the monomers in the unit cell. Indeed, (i) the unit cell parameters and the symmetry of the crystals are identical within experimental errors, (ii) the dimers of both crystals are identical in negative stain (except for the position of density II), and (iii) the conformational changes can be observed within 2 min after the addition of stigmatellin on preformed crystals. We therefore believe that the differences observed are the consequence of conformational changes of either the extra-or the trans-membrane region.
The fact that no difference could be observed at those positions in the negative stain does not imply that no movement occurs in the extramembrane domain; negative stain gives information at low resolution only, and it is not directly the protein that contributes to the signal but the stain. Small movements or changes that would maintain the same envelope of the protein domain would not be detected in negative stain. Therefore, we cannot rule out that cytochrome f undergoes changes as well as the Rieske protein. But the differences observed are too large and too delocalized to be explained only by extramembrane conformational changes. We therefore propose that at least part of them are the consequence of movements of the transmembrane helices.
Although no such movement could be observed following inhibitor binding in the bc 1 complex, one should keep in mind that the two complexes are not identical. A difference among others is the mechanism for the building up of the proton gradient; based on time-resolved spectroscopic measurements in vivo, Joliot and Joliot (25) have recently proposed a modified Q-cycle mechanism where direct proton pumping would occur across the thylakoid membrane. The presence of proton channels was also suggested by the results of Zito et al. (62) . Proton pumping could involve transmembrane conformational changes, explaining the differences observed in this work. Changes in the transmembrane region are also suggested by the work of Barbagallo et al. (63) ; the results presented suggest that semiquinone formation at the Q o site entails conformational changes involving both cytochrome b 6 and the Rieske protein.
Another difference between the bc 1 and the b 6 f complexes is the role of the b 6 f complex in the regulation of photosynthesis. Indeed, it transduces the signal of the redox state of the plastoquinol pool to the stromal kinase that will phosphorylate the light harvesting complex II (see Refs. 64 and 65), ultimately leading to the redistribution of the light harvesting complex II between the two photosystems (state transition). Here again, transferring this information could well involve conformational changes in the transmembrane region (see e.g. Ref. 66) .
Conclusions
In this work, we can observe that binding of stigmatellin, an inhibitor of the bc-type complexes, induces in the b 6 f complex a conformational change of one of the extramembrane domains (as seen on negatively stained and glucose-embedded crystals). We assign this domain to the Rieske protein and conclude that the Rieske protein from the b 6 f complex undergoes a similar kind of large scale movement as in the bc 1 complex (1-3) during electron transfer from plastoquinol to the heme of cytochrome f.
The comparison of unstained crystals shows that other conformational changes take place as well, as the differences observed cannot entirely be explained by the conformational change of the Rieske protein alone. We therefore propose that the cytochrome b 6 f complex turnover is accompanied by conformational changes in the transmembrane region, which would be specific to the b 6 f complex. Ultimately this result will need to be confirmed, e.g. by calculating the three-dimensional structure of the complex. Unfortunately, this cannot be done using thin three-dimensional crystals of variable thickness such as used in this work. Efforts are underway to obtain two-dimensional crystals.
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